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low  cost  GYi?cco;:rASS 
II.'TRL  DUCTicr: 

This  study  of  a  low  cost  gyrocompass  was  initiated  in  FY  83 
as  an  exploratory  development  effort.  The  objective  was  to  devel¬ 
op  a  design  concept  and  associated  error  budget  for  a  portable 
low  cost  gyrocompass  that  would  tolerate  significant  base  motions 
such  as  those  present  on  a  modern  battlefield.  Studies  and  tests 
were  performed  to  evaluate  the  features  of  the  design  concept. 

This  report  is  a  summary  of  that  effort,  including  findings  on 
gyrocompass  performance  capabilities  under  operational  environments. 

BACKGROULD 

Portable  gyrocompasses  presently  in  the  Army  inventory  do 
not  meet  many  of  the  required  characteristics  concerning  precision 
measurement  of  azimuth  in  the  presence  of  base  motion  (vibration) , 
base  tilt,  and  base  tilt  rates.  The  proposed  system  appears  to 
have  the  required  capability. 

ITVZSTIGATICi: 

CLIP  001  of  the  contract  required  that  a  study  and  report  be 
made  on  the  performance  of  a  gyrocompass  under  a  set  of  operating 
conditions  defined  in  general  in  section  C  of  the  contract  as  follow 
The  first  three  standard  conditions  called  for  operation  (a)  at 
any  latitude  between  the  arctic  and  antarctic  circles  (+67°latitude) 
(b)  in  climates  listed  in  AR-70-38,  (c)  after  handling  and  transpor¬ 
tation.  The  new  requirement  called  for  operation  on  a  tripod  or 
as  part  of  a  weap'On  system  subject  to  vibration  and  other  motions 
imparted  by  engine  idling,  wind,  personnel  movement,  etc.  Repre¬ 
sentative  cperationsl  environments  include 

(1)  Low  frequency  (.1  Hz.)  wind  motion  (trailer)  .0015"  peak  to 
peak. 

(2)  Wind  induced  motion  at  trailer  resonance  (4.5  to  6  Hz.)  .008" 
peak  to  peak. 
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(5)  Ir.rir.e  idling. 

(4)  Iff  level  tilt  up  to  ±10  • 

(5)  nit  rates  1.2  miliradi  ans  per  minute  about  any  horizontal  axis. 

(6)  Ability  to  maintain  azimuth  reference  when  rotated  or  moved 
after  gyrocorapassir.g. 

Additional  requirements  related  to  portability  included 
Gize  -  350  cubic  inches. 

'.'/eight  -  6  pounds. 

Power  -  24  V  00,  15  watts. 

These  portability  requirements  are  well  within  the  state-of-the-art 
at  this  time. 


desigm  com copt 

The  basic  approach  takes  advantage  of  the  principle  employed 
in  the  design  of  vibration-measuring  equipment  such  as  the  seismo¬ 
graph  used  to  record  earthquakes.  The  natural  frequency  of  the 
spring-mass-damper  assembly  contained  within  the  device  is  made  at 
least  a  factor  of  ten  less  than  the  frequency  of  the  vibrations  to 
be  measured.  In  that  case  the  mass  suspended  on  the  spring  does 
not  move  with  repect  to  inertial  space  and  therefore  movement  of 
the  base  with  respect  to  the  mass  could  be  recorded  by  a  stylus 
attached  to  the  mass  writing  on  a  graph  paper  on  the  frame  of  the 
instrument.  The  important  feature  applicable  to  a  gyrocompass  is 
that  the  suspended  mass  (gyroscope)  is  not  disturbed  by  vibratory 
motion  of  tne  base. 

Early  Approach 

The  initial  design  approach  employed  an  inverted  pendulum  to 
support  the  gyro.  The  low  natural  frequency  required  was  achieved 
by  balancing  the  gravity  torque  acting  on  the  inverted  pendulum 
mass  against  the  stiffness  of  a  flexure  suspension  at  the  base  of 
the  pendulum.  Dynamic  analysis  revealed  that  while  the  gyro  did 
not  share  the  translatory  motions  of  the  base,  the  gyro  did  however 
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rotate  about  its  input  axis  because  of  rotations  imparted  to  the 
pendulum  by  the  vibratory  inputs  at  the  flexure  suspension.  At 
.008"  double  amplitude  and  6  Hz.  the  angular  rates  into  the  gyro 
were  intolerably  high.  That  approach  was  therefore  without  merit. 

Mew  Design  Concept  -  (Rectilinear  Flexure) 

In  the  new  design  concept  the  gyro  is  now  mounted  on  a  flex¬ 
ure  supported  platform  that  forms  the  upper  horizontal  arm  of  a 
parallelogram.  Spring  loaded  flexures  are  the  vertical  arms  of 
the  parallelogram.  The  result  is  that  the  gyro  can  only  translate 
under  vibratory  inputs  and  therefore  the  gyro  remains  parallel  to 
the  base.  The  rotations  present  in  the  early  design  concept  are 
entirely  absent.  The  required  low  natural  frequency  is  due  to  the 
large  compliance  of  the  flexures.  The  same  number  of  parts  is 
involved  in  both  the  early  and  new  designs.  Only  a  trivial  re¬ 
arrangement  is  required  to  obtain  this  desirable  result.  The 
proprietory  details  are  given  in  appendix  A  of  this  report. 

ADDI T IC M AL  In VIST IG AT IC M 3 

'while  the  prime  focus  of  the  study  was  the  design  of  she  gyro 
suspension  system,  additional  investigations  were  directed  at  other 
basic  features  of  a  practical  gyrocompass.  The  results  of  these 
efforts  are  summarized  in  the  appendices.  These  include  preliminary 
designs  for  three  servo  systems,  gyro  drift  stability  analysis, 
analysis  of  gyrocompassing  in  the  presence  of  tilt,  and  Palmar.  fil¬ 
ter  design. 

PERFORMANCE  UNDER  OPERATIONAL  ENVIRONMENTS 

(1)  Low  frequency  (.1  Hz.)  wind-induced  motion  (trailer)  .0015" 
peak  to  peak.  The  new  rectilinear  flexure  suspension  and  gyro 
mass  will  have  a  natural  frequency  of  about  .01  Hz.  due  to  the 
relatively  high  compliance  of  the  spring  loaded  flexure.  Thus  the 
translational  input  to  the  gyro  will  be  about  *5%  of  the  .0015" 
displacement.  However,  the  corresponding  angular  displacement  of 

-  g 

the  rectilinear  flexure  and  gyro  will  be  negligible  (less  than  10 
radians).  The  corresponding  angular  rates  are  less  than  .001  /hr. 
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(2)  Wind-induced  motion  at  trailer  resonance  (4*5  to  6  Hz.) 

*003"  peal:  to  peak.  Again  the  rectilinear  flexure  comes  to  the 
aid  of  this  design.  The  gyro  translates  less  than  .IT  of  the 
.008"  displacement.  The  corresponding  angular  displacement  of  the 
rectilinear  flexure  and  gyro  due  to  tolerances  is  again  negligible 
(less  than  1 0 ^radians) .  The  corresponding  angular  rate  is  less 
than  .012  /hr. 

(3)  Vibration  inputs  due  to  engine  idling.  The  frequency  of  the 
linear  disturbance  is  several  orders  of  magnitude  greater  than  the 
rectilinear  flexure  suspension  and  gyro  m.ass  assembly.  Thus  the 
gyro  moves  (translates)  a  very  small  (less  than  ,01%  of  the  distur¬ 
bance)  amount.  The  corresponding  angular  displacement  of  the  flex¬ 
ure  due  to  imperfections  in  the  mechanism  (tolerances)  is  less 
than  10  radians.  The  corresponding  angular  rate  could  approach 

C 

.06  /hr.  This  is  well  within  the  capability  of  the  Kalman  filter 

C 

to  suppress  down  to  .006  /hr.  or  less. 

c 

(4)  Off  level  tilt  (up  to  10  ).  The  forcer  and  flexure  systems 
are  capable  of  measuring  case  tilt  angles  in  this  range  (±10°)  to 
an  accuracy  of  10  radians  (20  arc  seconds).  The  corresponding 
north  seeking  error  is 

-  t  \  *4 

10  tanA-  2.36  *  10  radians  or  .2  milliradisr.s 

(5)  Tilt  rates  1.2  itilliradians  per  minute.  By  measuring  the 
slope  of  the  tilt  angle  versus  time  curve  by  least  squares  pro¬ 
cedures,  the  tilt  rate  is  established.  An  accuracy  of  .05.  of 
rate  has  been  shown  by  analysis.  This  corresponds  to  .0025 Vhr. 
or  .25  mils  north  seeking  error. 

(6)  Ability  to  maintain  azimuth  reference  when  rotated  or  moved 
after  gyrocompassing.  The  gyroart  mechanization  utilizes  a  two 
degree  of  freedom  dry  tuned  gyro.  This  permits  use  of  one  axis 
as  the  "east"  or  north  seeking  axis  while  the  other  axis  is  used 
in  an  azimuth  stabilization  loop  for  maintaining  azimuth  reference 
when  the  system  is  moved  or  rotated  in  azimuth. 
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Accuracy  of  a  simple  north-finding  gyrocompass  that  is  based 
on  a  pendulous  gyro  suspension  is  soverly  degraded  by  external 
linear  vibrations.  Any  displacement  of  the  point  of  support  of  the 
pendulum  results  in  angular  rotations  of  the  suspended  gyro,  Jor 
typical  vibratory  inputs  to  be  found  in  a  battlefield  environment 
the  induced  angular  rates  can  only  be  suppressed  by  long  averaging 
times  that  are  not  compatable  with  tactical  applications. 


The  current  design  concept  for  the 
llelogram-type  suspension  for  the  gyro, 
produce  only  small  translational  inputs 
rotation  of  the  suspended  gyro.  This  is 
through  in  simple  gyrocompass  design  for 
angular  vibration  inputs  to  the  gyro  are 
by  a  crossed-spring  flexure  or.  the  east- 
dyroart  I  will  perform  to  an  accuracy  of 
time  under  oxnected  battlefield  environ:.: 


Ayroart  I  employs  a  para- 
Thus,  vibratory  inputs 
to  the  gyro  without  any 
a  significant  break- 
battle  field  use.  kxternal 


also  heavily  attenuated 
.vest  axis  of  the  gyro. 
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Brief  Description  of  Gyroart  Mechanism 


Figure  A-1  depicts  one  recent  version  of  the  Gyroart  mech¬ 
anism.  The  design  has  evolved  in  several  stages  through  a  contin¬ 
uing  process  of  refinement.  The  gyro  (Kearfott  Conex)  is  mounted 
on  rectilinear  flexures  via  a  pair  of  rotary  flexures.  Isoelastic 
springs  provide  the  compressive  loads  on  the  rectilinear  flexures. 
Tension  loads  are  applied  to  the  rotary  flexures. 

Tilt  of  the  main  housing  is  measured  by  a  centering  servo 
system  that  consists  of  a  pair  of  LVDT's  amplifiers  and  electro¬ 
magnetic  forcers.  The  current  through  the  forcers  provide  a  mea¬ 
sure  of  tilt  angle  since  it  measures  the  force  required  to  hold 
the  gyro  assembly  centered  in  the  inner  housing. 

The  Conex  gyro  provides  an  azimuth  torque  signal,  to  provide 
azimuth  stabilization  of  the  inner  housing.  The  Conex  gyro  also 
provides  an  east-west  sensing  axis  that  is  used  to  perform  thc- 
north-finding  function.  An  electronic  capture  loop  around  the 
gyro  east  axis  provides  the  required  signals.  Thus,  there  are 
three  servo  loops;  tilt,  azimuth  stabilization,  and  east  axis 
capture  loop.  Preliminary  designs  for  these  servo  loops  arc 
given  in  appendix  I. 

II.  Analysis  of  a  Pew  Rectilinear-  Suspension  for  the  Gyro 

Zarlier  study  indicated  that  the  pendulous  gyre  suspension 
dees  not  isolate  the  gyro  from,  external  lateral  disturbances. 

Chile  the  gyro  mass  does  not  translate  under  the  vibration  inputs, 
the  pendulum  forces  the  gyro  to  rotate  at  rates  too  high  to  be 
absorbed  by  the  Kalmar,  filter.  Kov.-ever,  by  making  a  simple  change 
to  the  basic  gyro  suspension  system,  the  gyro  m.our.ting  surface 
is  r.cv.-  made  to  execute  pure  translations  rather  than  rotations 
because  of  lateral  vibration  inputs.  This  eliminates  the  angular 
rate  inputs  to  the  gyro  almost  completely.  The  figures  or.  the 
following  page-  show  both  horizontal  and  vertical  cross-sections 
through  pairs  of  flexures  to  illustrate  both  the  problem,  generated 
by  the  pendulous  suspension  and  the  elegant  solution  provided  by 
the-  new  rectilinear-parallelogram  suspension. 
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Fendulous  Suspension 
(former  design) 


Rectilinear-Parallelogram  Suspension 
(current  design) 


In  fig#  (A),  notion  of  the 
pivots  to  the  left  (->:)  to  1  '  cau¬ 
ses  the  gyro  to  rotate  through  Q 
with  disasterousiy  large  angular 
rates.  (Flexures  2  and  4  absorb 
notion  in  the  x  direction.) 


In  fig.  (5),  notion  cf  the 
pivots  to  the  left  (-:•:)  to  1  ' 
causes  the  gyro  to  rerely  trans¬ 
late  but  without  rotation.  T : s- 
gyro  platforr  rerains  parallel  tc 
the  base.  (Flexures  1'  and  3' 
absorb  notion  in  the  x  direction.) 


Thus,  the  sirple  act  of  rotating  the  flexures  90  with  respect  to  the 
base  has  eliminated  the  induced  rotations  of  the  pendulum. 

.Vhile  the  contract  speci fications  for  the  gyroc orzasc  only 
refer  to  tilt  rates  of  1.3  milliradians  per  ninute,  we  must  assume 
that  there  are  also  angular  vibration  inputs  present  in  a  real 
vehicle  scenario.  To  accomodate  this  disturbance,  the  gyro  is 
mounted  to  the  rectilinear  flexure  by  low  friction  bearings  through, 


the  center  of  gravity  along  the  east-input  axis.  (Angular  vibra¬ 
tions  about  the  gyro  spin  axis  are  not  important  to  system  perfor¬ 
mance  so  provisions  are  not  made  for  these  disturbances.)  The  low- 
friction  bearings  are  made  of  cross-spring  flexures,  thus  the  natural 
frequency  of  the  gyro  about  the  suspension  axis  is  very  low  compared 
to  the  frequency  of  the  angular  vibration  inputs.  Thus,  the  gyro 
remains  nearly  fixed  in  inertial  space  as  the  frame  rotates  around 
it.  Steady  "D.C."  earth  rate  terms  are  transmitted  to  the  east-axis 
of  the  gyro  via  a  the  cross-spring  gyro  suspension  bearings. 


The  rectilinear  suspension  was  examined  to  determine  the  effect 
of  dimensional  tolerances  on  suspension  effectiveness.  The  length 

of  one  arm  was  varied  in  steps  of  .001"  and  the  change  in  platform 

o 

level  of  the  gyro  nlatform  was  then  computed  for  a  1  rotation  of 
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the  arms.  The  level  (tilt)  did  not  change  more  than  10  radians  over 
the  1° rotation.  The  following  figure  illustrates  this  result. 
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The  rotational  de-coupling  of  the  gyro  provided  by  the  low 
friction,  low  natural  frequency  bearing  was  also  analyzed.  For 
a  10  to  1  ratio  of  excitation  frequency  to  suspension-natural  fre¬ 
quency,  the  gyro  remained  stationary  with  respect  to  space  with 
only  a  .4 %  error.  (99*6;)  of  the  frame  vibrations  were  filtered  out.) 


III.  Isolation  System  Design  Description  and  Analysis 

The  siesmic  isolation  concept  uses  proven  techniques  which 
have  been  applied  in  a  wide  variety  of  engineering  problems.  These 
range  from  wind  tunnel  model  mounting  systems  to  gravimetric  devices. 

The  result  of  placing  the  rate  gyro  on  such  a  suspension  is 
to  detach  it  from  all  periodic  disturbances  both  linear  and  angular. 
Cnly  a  "D.C."  rate  is  transmitted  through  the  mounting  means  unim¬ 
peded. 

The  physical  implementation  involves  the  use  of  a  linear  iso¬ 
lation  system  to  a  fixed  structure  which  filters  out  all  linear 
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vibrations.  Mounted  on  the  linear  isolator  is  a  rotary  isolator. 
The  function  of  the  rotary  isolation  system  is  to  provide  a  fric¬ 
tion-free  suspension  about  the  east-west  axis  of  the  rate  gyro. 
Because  this  axis  is  completely  unconstrained,  angular  vibrations 
about  it  cannot  affect  the  gyro. 

The  actual  mechanization  of  these  ultra-low  pass  mechanical 
filters  is  simple  and  straightforward.  The  relationship  between 
the  amplitude  X  of  the  imposed  periodic  motion  and  the  relative 
displacement  of  the  suspended  mass  Z  is  given  by  the  expression, 


(?)- 


C;o  Damping) 


As  the  natural  frequency  An  of  tne  suspension  approaches  zero,  th 
relative  motion  of  the  suspended  mass  becom.es  equai  and  opposite 
to  the  imposed  motion  X.  ho  mass  remains  decoupled  from  the 
imposed  motion  and  therefore  the  gyro  which  is  attached  to  it.  is 
not  affected  by  disturbances  applied  to  the  support  structure. 
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load  to  tne  calcu_ at 


bucklinm  load  of 


at  died  load  is  that 


:ring  fore 


to  make  the  suspension  astatic,  that  is,  ir.fir.itly  compliant, 
because  the  flexures  are  comparatively  short,  the  huier  loads 
(buckling  force)  becomes  relatively  large. 

Thermal  effects  are  reduced  tc  nil  by  virtue  of  the  fact  tu 
the  materials  used  in  the  construction  of  the  flexures  and  the 
loading  spring  display  a  constant  elastic  modulus  over  a  wide  torn 
erature  range. 


To  isolate  oeriodic  base  motions  in  both  sit 


side  and 


front  to  back  directions  the  siosmic  suspension  is  arranged  in  a 
nested  fashion.  fine  suspension  which  isolates  the  gyro  from  side 
to  side  motion  carries  a  second,  orthogonal,  suspension  assembly 
which  eliminates  the  effects  of  front  to  back  base  iuturbancos. 

which  detect 


The  linear  variable  differential  transformers 


orthognal  components  of  base  motion  are  arranged  to  eliminate  the- 
effects  of  interaxis  cross  coupling. 


In  addition  to  the  system  just  described  which  effectively 
eliminates  the  effect  of  trar.slatory  disturbances  on  the  gyro. 

A  rotary  suspension  supports  the  gyro  on  its  east-west  axis  to 
filter  out  rational  vibrations.  In  the  cross  spring  pivot  which 
serves  as  the  east-west  bearing  for  the  gyro,  a  spring  is  usea 
to  load  the  flexures  in  tension.  The  relation  of  tr.e  bending 
moment  about  the  center  and  the  axial  force  is  shewn  ir.  the  fifur-. 
below.* 


tl 


t  ’ 

The  ordinate  is  the  quantity, 

A* 

!'<j  is  the  torque  per  unit  of  ar.ru. ar  rotati:;.,  L-  is  the  fiexur- 
length,  t  1  is  the  product  c-f  the  moment  of  inertia  cf  the  tladc ; 
and  the  modulus  cf  elasticity  cf  the  bla. o  material • 

T.*"' ■■■  -  where  N 


. .  i  cJ  >J  ^  ^ 

load  or.  tne  flexure  pivet.  Tr.e 
significant  point  on  the  curve  is  its  irterccrt  or.  tne  negative: 


is 


tr.e  normal 


V, 


For  a  value  of  the  abcisca  equal  to  one,  tr.e  crossed  piv,  t  carr.ts 
a  compressive  load  equal  to  the  i  uaer  or-  bucxiir.g  lead. 


From  the  figure  it  ca:  be  seer,  that  a  properly  g.  si  •"no  :  or.  u 
loaded  pivot  will  exhibit  astatic  behavior  under  a  ter. rile  ire.cta 
which  is  less  than  twenty  percent  of  the  compressive  bucr.i ir.g  1  ■; r  d • 

The  suspension  loading  erring  applies  a  force  which  is  a L . u t 
twenty  times  as  great  as  the  weight  of  the.  gyro  and  associated 
mounting  plate  so  that  shod:  loading  and  other  extraneous  forcer' 


♦(Taker;  from  "I.'ote  or.  Frictioiricsc  Fearing  for  email  AnguJer 
Deflections"  by  J.A.  haring  -  eousrx.l  of  Applied  Fhysict,  sec.  1 ..  . 
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have  a  diminishingly  small  effect  on  the  structure.  The  rugged¬ 
ness  and  simplicity  of  the  construction  recommends  it. 

In  summary,  environmental  vibration  can  be  effectively  fil¬ 
tered  through  the  use  of  a  low-cost  mechanical  suspension  system 
which  exhibits  the  astatic  property  (zero  friction  and  infinite 
compliance).  There  are  no  "grey"  or  questionable  areas  in  the 
design  since  all  of  the  concepts,  materials  and  fabrication  tech¬ 
niques  involved  are  proven  and  within  the  state-of-the-art. 
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roiicinary  Cervo  Designs 


Caj  ture  Loop  Ar.alysi s/Design 


The  advantages  the  current  design  offers  over  the  initial  design 
include 

a. )  elimination  of  steady  state  hang-off  due  to  fixed  case 

tilt  angle. 

b. )  elimination  of  constant  rate  of  growth  hang-off  angle 

in  the  presence  of  constant  case  tilt  rate. 

c. )  Orders  of  magnitude  reduction  of  induced  angular  rates 

in  the  presence  of  horizontal  linear  case  vibrations. 


II.  Azimuth  bervo  Analysis 

As  initial  design  of  the  azimuth  servo  has  been  generated 
from  the  standpoint  of  isolating  the  sensing  gyro  from  azimuth 
angular  disturbances.  For  this  initial  design  effort,  the  goal 
was  to  achieve  a  reduction  of  an  angular  disturbance  of  the  azipmuth 
mut'n  gimbal  by  a  factor  of  100  in  .1  seconds.  The  mechanization 
considered  uses  the  gyro  azimuth  axis  to  sense  the  disturbance 
and  provide  an  error  signal  to  drive  the  gimbal  torquer  via  the 
stabilization  and  driver  electronics.  The  following  block  diagram 
depicts  this  configuration. 


S, 


>  v  - 


>?:g(s) 


A  Qq. 


_s 


+  DF 


A  r* 


9  =  rick— 0  f f  Angle 

r 

,0  --  Gimball  Angle  Change  y  =  .3243  oz-in/volt 


K  =  675  volt/rod 

p 


D  =  .042  volt/(rod/sec ) 
T  =  .03  cs-in-sec1 


The  transfer  function  relating  pick-off  angle  to  an  input 
azimuth  gimbal  angle  disturbance  is  ^  c  ^ ,  T\ 

y  _  b  V  s  +  D  I  ) 

Qo  4-  /j  S 4-  KpKfA  ,V : 

..ithout  compensation  the  oasic  system  is  highly  oscillatory  and 
lightly  damped.  To  provide  a  rap-d  and  well  damped  reduction  of 
the  input  disturbance  the  following  stabilisation  function  was 
arrived  at  w 

K  &  s)  =  f  +  , 


E-2 


.vi this  compensation,  the  time  solution  for  a  step  input  is 
2f  it)  =  /.  395  [  3  H  J5  t  +  /  3 -/.!’) 

9 » 

and  at  the  end  of  .1  sec.,  an  initial  angular  error  is  reduced  by 
a  factor  of. 003*  subsequent  design  analyses  will  investigate  the 
effects  of  time  varying  disturbances. 


TT:  .  DELTfl  CURVE 


.00  60.00  120.00  180.00  2110.00  300.00  360.00  M20.00  480.00 

TIME  IN  SECONDS  (SAMPLING  PERIOD) 


20.00 

TIME 


Air':-::: nix  d 

al-an  Filter  Design 


let  A,  \,z(.  be  cyr(J  coordinates  rr.icorier.ted  with  rocrect  t 
local  coordinates  ,  [y f  by  angles  $  r  £,  ii.  ,  The  cucruir 

sets  are  related  as  follows 

X~\  p4r4"s4s4s<£)  (s^cSyfCisfaS})  ~C$xsZy~}  I  £  i 


-s4  c4 


(sSfS&y  ~cSz  s£a  C  3y ;  <Lc)KCoy  I  U 


For  sufficiently  small  angles,  this  exf-recsicr,  reduces  to 


r 

This  resulting  small  angle  transformation  describes  three  inde¬ 
pendent  angular  rotations,  each  being  taken  about  one  of  the 
local  coordinates.  The  total  misalignment  vector  can  then  be 
described  by;  $=  <Pe  E+  „(./where  ^ar.d ^are  the  tilt  angles 

about  £  and  A/ respectively  and  is  the  true  azimuth  misalignment 
about  \j  . 

Considering  a  non-vibration  case  where  the  pendulum  is 
tightly  captured  to  the  case,  the  force  and  rate  measurements 
in  gyro/carc  coordinates  car.  be  written  as; 


These  can  be  combined  in  terms  of  a  single  measurement  vector; 
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This  can  also  be  written  os 

___  'Z  -  H  x 

where,  't  -  Measurement  vector  ^  1 

%  - Etate  Vector  U>e  fa  fa  fa  4] 
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or  in  shorthand  notation;  .X  , where  ^  is  the  state  transition 

matrix. 

To  complete  the  Kalman  filter  formulation,  some  other 
quantities  should  be  defined,  e.g. 

1.  .ho  measurement  error  covariance  matrix, A  associated  with 
the  errors  in  the  force  and  rate  measurements.  Assuming  the 
errors  are  gaussian  and  uncorrelated,  /\  is  a  diagonal  matrix  con¬ 
sisting  of  the  variances  in  the  force  and  rate  measurements 

/<r*  o  o" 

* a  0  C,  O 

Lo  o  r:J 

2.  “he  error  covariance  in  the  estimation  of  the  states, /-'A 

P  is  square  symmetrical  matrix  whose  dimensions  are  equal  the 
number  of  states,  in  this  case  5*5* 

3.  The  covariance  describing  the  "plant"  or  "process"  noise,  U  • 
Q  has  the  same  dimensions  as P  ,  In  this  case,  Q  would  repre¬ 
sent  the  noise  due  to  vibration  (if  one  knew  how  to  model  it). 

To  simulate  the  Kalman  filter,  use  the  following  approach 

1.  /liter  initialisation: 

a. )  Set  the  state  vector  X  equal  to  zero. 

b. )  Set  the  diagonal  elements  of  P  to  some  reasonable 

values. 

c. )  Set  Q  equal  to  zero. 

d. )  Define  R.  covariance ,  matrix  and  H  matrix 
c.)  Get.  equal  to  zero  ( 3*  A  matrix). 
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•  roolcm  Initialization 


o.)  Jot  T_  equal  to  zero. 

b. )  Jet  value  of  At. 

c. )  Jet  true  values  of  initial  misalignment  armies  ar.a 

tilt  rates  K-  ,  X-a ,  Y;  >A/ 

i.)  Jet  latitude. 

e. )  Determine  JlN —  „  r  /l  e  Sin 

f. )  Jet  value  of  W. 

g.  )  Jet  values  of  A  >  ,C  «  and  ,  lA,-  ,  bw  (  same  as  in  /\  )  • 
Problem  Solution 


Y  '  t  i  At 
~Y t  +•  £ 

r  *■  Ya  t 

£  "  -  W  *  c„ 

Py  ■=  W  Ve  i  ar  crPy 

IaJ*  ~  -Q"  \  ~  -ft-u  %0  ^  \  f  Co  CTj 

2„--  (FtjFr>  U>,Y 
■=  1  e„  f r  t  o 
k  „  =  no  ht (h p:  Ht  +■  Y)~' 
pj  =  (z~k,h)p; 


Print  values  of  (  differences  between  Y*  and  u- 


Yi>  Ya>  Y,  ,  Y*. 

Peturn  to  start  of  3  and  interate. 


~ote :  From  a  programming  standpoit  there  is  no  need 

to  specify  soperate  variable  names  for  P«s ,  p*.., 
and  Pn  •  A  single ^variable  name  would  do.  The 
same  is  true  _for  ^and^.i  .  Doing  this,  steps 
P,s-r  and  X^_,  /  r.  are  not  required. 
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The  estimated  states  4 (  , (£)„  j^only  define  the  orientation 
of  the  gyro/a z irauth  gimbal  coordinates.  The  true  azimuth  of  the 
case  [rifc ) can  be  found  from;  c^.  .  sp  +  O  u  Qf 

c/°~<3-zp 

where  p  is  the  azimuth  gimbal  angle  whose  positive  direction  is 
defined  by; 
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I.  Summary  of  Results  and  Conclusions 

A  model  of  the  special  Syroart  double  tripod  rectilinear 
flexure  support  v/as  fabricated  to  test  the  ability  of  the  sup¬ 
port  to  minimize  the  effect  of  rotation  at  the  gyroscope  moun¬ 
ting  surface  associated  with  relative  translational  motion  of 
the  base  of  the  support  with  respect  to  the  mounting  surface. 

The  experimental  evidence  presented  in  this  report  clear 
shows  that  a  very  large  decrease  in  mounting  surface  rotation 
due  to  relative  case  translation  is  achieved  by  utilizing  a 
parallelogram  tripod  knife-edge  arrangement  of  flexure  succors 
in  contrast  to  a  single  pendulum-tyre  suspension,  which  previd 
no  isolation  from  this  effect. 

Using  the  experimental  .model,  it  was  determined  that,  cv 
in  the  extreme  case  with  an  equivalent  pendulum  rotation  of 
about  2.3  degrees  (full  travel  of  inner  suspension  ring )  the 
mounting  surface  tilted  about  1/120  of  this  or  .01')  degrees. 

It  is  also  noted  that  the  flexure  support  "fully  loaded  down" 
i.e.  near  buckling,  provided  a  very  large  amount  of  isolation 
from  base  motions  as  expected,  although  further  dynamic  tests 
will  be  required  to  quantify  this  observation. 

Tost  Procedure 

The  tilt  tests  were  performed  using  a  flexure  support 
fabricated  by  Oaliso,  Inc* ,  Anahiera,  California,  especially  fc 
the  tests.  A  "earfott  21802  Electrolytic-type  tilt  angle  sens 
was  calibrated  at  the  test  site  as  explained  below,  and  mounts 
on  the  inner  ring  of  the  fiejeuro  support.  The  inner  ring 
was  then  moved  from  side  to  side  until  it  contacted  the  outer 
ring.  Dealings  from  the  tilt  sensor  were  taken  at  reference 
(center)  position  and  then  at  the  two  extreme  positions  on  eit 
side  of  center.  Using  the  calibration  data,  the  measurements 
were  translated  into  total  tilt  about  the  axis  of  rotation. 

The  calibration  of  the  tilt  angle  sensor  was  carried  out 
as  follows: 


The  tilt  angle  sensor  was  fastened  to  the  base  of  the 
flexure  support  platform.  The  platform  was  placed  on  a  granite 
flat  table  (see  photos)  with  a  sine  bar  between  the  platform 
and  the  flat  table.  Cne  end  of  the  sine  bar  rested  on  the  fiat 
table,  the  other  was  suspended  by  a  vertial  micrometer  arrange¬ 
ment  (see  photos).  The  tilt  angle  sensor  was  excited  with  a 
20  VAC  C-  400  HZ  source  and  the  output  was  measured  with  a  5* 
digit  Dii. 

Measurements  of  tilt  taken  as  AC  volts  wore  taken  from  the 
tilt  angle  sensor  as  the  vertical  micrometer  was  moved  up  increasi 
the  tilt  of  the  base.  The  micrometer  readings  were  then  cor.vertec 
tc  angles  of  tilt  (see  calculations).  From  the  calibration  data, 
a  calibration  curve  was  plotted  and  a  rough  linear  estimate  of 
the  output/tilt  angle  was  made.  This  information  was  used  to 
interpret  the  actual  tilt  test  results. 

„  Flexure  Support  Model 

A  model  cf  the  proposed  Gyroart  double  tripod  knife-edge 
flexure  support  was  built  to  about  twice  the  fir.ai  design,  size 
tc  exhibit  the  tilt  isolation  and  base  motion  isolation  features 
of  the  overall  design.  The  flexure  joints  were  fabricated  using 
1.5  inch  lengths  of  tempered  steel  clock  spring  wire  .01  ir.cn 
by  .125  inch  cross-section,  sharpened  at  or.c  end.  The  flexures 
were  mounted  in  an  ingenious  double  tripod  parallelogram  config¬ 
uration  (see  photos  and  explanation  in  other  sections  of  this 
document).  The  retaining  rings  ar.d  support  structure  were  facri- 
cated  from  aluminum,  botches  were  made  in  the  retaining  rings 
so  that  the  free  ends  of  flexures  could  act  as  knife  cages. 

The  flexure  suspension  mechanism  thus  constructed  was  then 
placed  on  an  outer  support  structure  and  loaded  in  compression  wit 
a  spring  tension  member  through  the  center  of  the  inner  support 
ring  (see  photos). 
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